24 d of rapid ventricular pacing induced dilated cardiomyopathy with both systolic and diastolic dysfunction in conscious, chronically instrumented dogs. We studied mechanical properties and intracellular calcium (Ca?') transients of trabeculae carneae isolated from 15 control dogs (n = 32) and 11 dogs with pacing-induced cardiac failure (n = 26). Muscles were stretched to maximum length at 30'C and stimulated at 0.33 Hz; a subset (n = 17 control, n = 17 myopathic) was loaded with the ICa2+h indicator aequorin. Peak tension was depressed in the myopathic muscles, even in the presence of maximally effective (i.e., 16 mM) [Ca2"] in the perfusate. However, peak
Introduction
Cardiac hypertrophy and failure produce well-documented changes in myocardial structure and contractile function. Previous studies have presented evidence that implicates abnor-malities in intracellular calcium (Ca2+)' handling as a major factor contributing to both systolic and diastolic dysfunction (for review, see reference 1). Although many animal models of pressure-overload hypertrophy and myocardial failure have been studied, none have documented the same pathophysiological changes as observed in human myocardium. A finding unique to myopathic human myocardium is that the Ca42+ transient recorded with aequorin or Indo-1 is, under some circumstances, composed oftwo distinct components that appear to reflect both sarcoplasmic reticular and sarcolemmal dysfunction (2, 3) . Studies in several small animal models of cardiac hypertrophy and failure, including the spontaneously hypertensive rat, pulmonary-artery banded ferret, and congenitally myopathic Syrian hamster, have demonstrated prolonged Ca4+ transients, but none have yet reproduced the two distinct components (1) . In addition, myopathic human myocardium appears to have a unique pharmacological profile suggestive of deficient intracellular production ofcAMP, which, in turn, appears to diminish the effectiveness ofcAMP-dependent inotropic agents (4) .
The purpose ofthe present study was to investigate myocardial function and Cai2 handling in a large animal model of heart failure, which may more closely resemble cardiac failure in humans than do previous studies of small animal models of cardiac hypertrophy and/or failure (5, 6) . A major advantage of this model is the availability of both in vivo and in vitro measures of contractile function, which permits correlation between hemodynamic manifestations of heart failure and cellular alterations in excitation-contraction coupling.
Methods
Dilated cardiomyopathy was induced in conscious, chronically instrumented mongrel dogs of either sex by 24 d of rapid right yentricular (RV) pacing at a rate of240 beats per minute (bpm) using an externally programmable miniature cardiac pacemaker (model EV4543, Pace Medical, Inc., Waltham, MA). The specific details of the chronic instrumentation have been described elsewhere (5, 6) . Briefly, dogs were instrumented with left ventricular (LV) miniature pressure transducers (Konigsberg Instruments, Inc., Pasadena, CA), aortic and left atrial catheters, and ultrasonic dimension crystals across the long and short axis ofthe LV cavity and the LV free wall. A sutureless pacing lead was attached to the RV and all catheters were externalized. A group of sham-operated controls were instrumented similarly. Dogs were monitored daily for clinical signs and symptoms ofheart failure. Sham-operated, age-and weight-matched mongrel dogs served as controls. The animals used in this study were maintained in accordance with the National Research Council's Guidelines for the Care and Use ofLaboratory Animals and the Standing Committee on Animal Care of Harvard Medical School. Before killing, systemic hemodynamics and myocardial contractile function were assessed in all 15 control dogs and 11 myopathic dogs by measuring LV systolic and end-diastolic pressure and LV dP/dt. In a subset of randomly selected control and myopathic dogs (n = 5 in each group), RV systolic pressure, end-diastolic pressure, and RV dP/dt were measured in the conscious state using a Millar catheter inserted percutaneously via the saphenous vein. All hemodynamic measurements were taken at the intrinsic heart rate, which was 94±6 and 126±7 bpm in the control and myopathic dogs, respectively. At death, LV plus septal weights and RV weights were obtained from all dogs and normalized for preoperative body weight. Hearts were immediately placed in an oxygenated bicarbonate-buffered physiological salt solution of the following composition (mM): 120, NaCl; 5.9, KCl; 11.5, glucose; 25, NaHCO3; 1.2, NaH2PO4* H20; 1.2, MgCl2. 6H20; 2.5, CaCI2. The solution was equilibrated with a gaseous mixture of 95% OJ5% CO2 to a pH of 7.4 at 30'C. 32 control and 26 myopathic RV muscle preparations were dissected from the hearts of 15 control and 11 myopathic dogs under magnification, following fiber orientation. At least one muscle was studied from every heart; but, whenever possible, multiple muscles were obtained. The mean length and width ofthe entire group ofmuscle preparations were, respectively, 5.6±0.9 and 1.0±0.08 mm in the control hearts and 5.6±0.8 and 1.1±0.07 mm in the myopathic group. The average crosssectional area was 1.0±0.1 mm2 for the control muscles and 1.1±0.1 mm2 for the myopathic muscles. There were no significant differences between the control and myopathic muscles with regard to any ofthese parameters. Muscles were placed in baths containing the same physiological salt solution and stretched to the length at which maximal isometric force developed, while being stimulated to contract at 0.33 Hz with threshold voltage delivered via a punctate electrode located at the base.
A subset of the 32 control and 26 myopathic muscles (n = 17 control; n = 17 myopathic) was macroinjected with the bioluminescent Ca2+ indicator aequorin, as described elsewhere (7) . At least one muscle from every heart was loaded with aequorin and the remainder were used for tension analysis only. Light signals were recorded with a photomultiplier tube (9635QA Thorn-EMI, Gencom, Inc., Fairfield, NJ) using a light-collecting apparatus with a design extensively described previously (8) . It was usually necessary to average successive signals (from 10 to 100 depending on light intensity [L,,,]) to obtain a satisfactory signal-to-noise ratio. Physiological responses (both tension and light) were allowed to reach steady state before signal averaging was performed. The tension and light responses and the stimulus artifact were simultaneously recorded, both on magnetic tape and on strip chart recording paper. The light signal was measured in nanoamperes of anode current and filtered with a time constant of 10 ms. Specific details of the use of aequorin as an indicator of [Ca(2+] and the equipment and methodology required can be found in Blinks (8) and Mackinnon et al. (9) . When [Ca2+]o curves were performed, phosphate was removed from the physiological salt solution to prevent precipitation. Cumulative concentration-response curves to milrinone were performed. To stimulate cAMP production in the control and myopathic muscles, forskolin was added slowly until a slight (i.e., < 10% of basal values) increase in tension was produced. This occurred at a mean forskolin concentration of 1.12±0.13 X l0-M in the control and 3.5±0.58 x 10' M in the myopathic muscles. The milrinone concentrationresponse curve was then repeated in the presence of forskolin.
We have previously reported that, in some experiments, after exposure of aequorin-loaded muscles to high concentrations of certain drugs, an increase in resting luminescence occurred that may have been due to cellular injury (9) . Because of this, we dedicated a subset of the aequorin-loaded muscles (n = 8 control; n = 9 myopathic) to quantitation by the method of fractional luminescence in [Ca2+]0 = 2.5 mM (10, 1 1). To convert our resting and peak (at 0.33 Hz) light (L) values to [Ca2+]i, we estimated the L.. that would be recorded under the conditions ofthe experiment ifall ofthe aequorin were instantly exposed to a saturating concentration of Ca2+. L,,, was determined by lysing the cell membranes with a solution containing 5% Triton X-100 (Sigma Chemical Co., St. Louis, MO) in 50 mM CaCl2 at 30°C. Exposure of the aequorin-loaded muscles to this solution resulted in contracture and a burst of light emission. After subtracting the contribution of background light, the integral of the area encompassed by the light signal during exposure to Triton X-100 was multiplied by the rate constant for aequorin consumption in the presence of saturating [Ca2"], 2.1 /s, in order to calculate L,,,,. Determination of the rate constant was performed at 30'C after preincubation with 1 mM Mg2e.
The ratio ofL/L,, was converted to a quantitative Ca2+ concentration by using a calibration curve determined in vitro. The in vitro calibration curve used for estimation of [Ca2+]i was determined in EDTAbuffered solutions containing 150 mM K+ and 1 mM Mg2e adjusted to pH 7.1 with 34N-morpholino)propanesulfonic acid [MOPS] for pCa 2 5.0 or with Ca2" dilutions containing 150 mM KCI and 1 mM MgCl2 adjusted to pH 7.1 with 5 mM piperazine-NN'-bis(2-ethanesulfonic acid) [PIPES] for pCa < 4.5. For more specific details ofthe calibration procedure, readers should consult Kihara et al. (10) .
Aequorin was purchased from the laboratory of Dr. J. R. Blinks, Rochester, MN. Triton X-100 was used for detergent lysis. Milrinone was a generous gift of Sterling-Winthrop, Inc. (Rensselaer, NY), and forskolin was purchased from CalBiochem (San Diego, CA).
Data were compared using unpaired or paired (when appropriate) Student's t tests. Statistical significance was set at P < 0.05. Table I reports the LV and RV hemodynamics and mass under control conditions and after the development ofdilated cardiomyopathy. Heart rate was increased in the myopathic dogs, while mean arterial blood pressure was decreased. In addition, the LV ejection fraction was depressed in the myopathic dogs. Both LV and RV end-diastolic pressures were significantly elevated in dogs with cardiomyopathy compared with control. In addition, both LV and RV dP/dt were significantly depressed, and LV end-systolic and end-diastolic volumes were increased, suggesting biventricular contractile dysfunction. There was a modest but insignificant increase in LV and RV mass. Taken together, these data suggest that there is biventricular dysfunction in this canine model of pacing-induced dilated cardiomyopathy. Fig. 1 shows the light signals (i.e., Ca2+ transients) and isometric twitches recorded with aequorin-loaded cardiac muscle from a sham-operated control and a dilated cardiomyopathic dog. The light signals and twitches were electronically adjusted to equal amplitudes and superimposed to demonstrate the significant prolongation ofthe time to peak and relaxation ofboth light and tension in the myopathic myocardium. Table II compares the times to peak tension and light and for decline from peak light and peak tension. The parameters of activation, times to peak tension and light, and relaxation were significantly prolonged in muscles from the myopathic dogs compared with the controls (P < 0.05). Fig. 2 reveals that peak isometric tension development in response to increasing [Ca2+]0 was depressed in the myopathic muscles; this difference achieved statistical significance at [Ca2+]0 of . 4 mM. At 16 mM [Ca2+]0, peak tension continued to be depressed in the myopathic dogs, indicating abnormalities in maximal calcium-activated tension generation.
Results
To determine whether the decrease in tension development in the myopathic muscles was due to a decrease in Ca42+ availability, we calculated peak and resting [Ca2+]i in 2.5 mM [Ca2"]0 using the fractional luminescence method (Table III) control. TPT, time to peak tension; TPL, time to peak light; RT, time to 90% decline from peak tension; RL, time to 80% decline from peak light.
(i.e., T.). In Fig. 3 A, peak tension responses to increasing [Ca2"]0 were normalized for differences in maximal force and expressed as a percentage of the maximal response to [Ca2"]0;
there were no differences between the control and myopathic groups at any [Ca2-]0, including the ED50. The normalized peak light responses were also superimposable ( Fig. 3 B) , suggesting that values for [Ca2+]j at each level ofCaz+ were similar in both groups. In contrast, the decreased maximal response to
[Ca2+]0 seen before data normalization (Fig. 2) indicates an abnormality in the maximal tension-generating capacity ofthe myofilaments. Resting values were determined in unstimulated muscle; peak values were determined at stimulation rate of 0.33 Hz. Values are means±SEM. Fig. 4 illustrates that the response to the phosphodiesterase inhibitor milrinone was significantly depressed in muscles from dogs with cardiomyopathy. When these same myopathic muscles were pretreated with a minimally effective concentration of forskolin (see Methods for specific concentrations), the response to milrinone was enhanced, as was the response ofthe control muscles. (1) . As shown in Fig. 2 and Table II , this correlation appears to apply as well to muscles from this pacing-induced model of failure. Since the duration ofthe Ca?' transient in mammalian myocardium is largely determined by the rate ofCa2`resequestration and/or release by the sarcoplasmic reticulum, these results suggest abnormal function ofthis organelle.
Discussion
The recently described decrease in Ca2`ATPase activity ofsarcoplasmic reticular vesicles from dogs with pacing-induced failure may provide the biochemical basis for these findings (12) . An alteration in the expression of the sarcoplasmic reticulum Ca2' ATPase gene, which correlated with a decrease in the level ofmRNA encoding the Ca2+-ATPase ofthe sarcoplasmic reticulum, has been reported to occur in myopathic human myo- Figure 4 . Concentration-response curve to milrinone in muscles from sham-operated control (o, *) and cardiomyopathic (A, ,) dogs before (o, A) and after (e, A) the addition of forskolin. The percent change from baseline tension before drug addition is plotted on the ordinate and the concentration of milrinone in the perfusate on the abscissa. Values are means±SEM; * P < 0.05 vs. control (preforskolin). cardium (13) . In addition, a decrease in the density or abnormal function of sarcoplasmic reticular Ca2" pumps has been reported to occur in various models of cardiac hypertrophy and/or failure (14, 15) . A failure-related decrease in intracellular ATP production may also contribute to the depressed function of the sarcoplasmic reticular Ca2" pumps (16, 17) .
Prolongation of the Ca4-+ transient and isometric contraction have been reported in several models of myocardial failure with compensatory hypertrophy. These include genetic hypertension in the spontaneously hypertensive rat, genetic dilated cardiomyopathy in the Syrian hamster, and end-stage heart failure in humans (for review see reference 1). The duration of the Ca4-+ transient also appears to be prolonged in muscle from animal models with significant hypertrophy that are not in clinical heart failure, including RV pressure-overload hypertrophy in ferrets and hypertrophic cardiomyopathy in humans (1) . The degree ofprolongation ofthe Cai2 transient appears to correlate with the severity of hypertrophy present, at least in humans (18) . In this regard, it is of interest to note that the presence of two mechanistically distinct components of the Ca4 transient, L, and L2, reflecting both sarcoplasmic reticular and sarcolemmal dysfunction, is characteristic of the aequorin signal recorded in human trabeculae from patients with significant hypertrophy, in both the presence and absence of clinical failure (2) . In the present series of dogs, we saw evidence of two components in the aequorin light signal in 3 out of 17 aequorin-loaded myopathic muscles studied. Additional studies in canine models with severe hypertrophy will be necessary to determine whether the presence of two components in the canine myocardium correlates with myocyte size, as has been reported in humans.
A shift in the myosin isoenzyme profile, from the fast-cycling V1 isoform (which can hydrolyze ATP at a higher rate and thereby support a faster rate of cross-bridge cycling) to the slow-cycling V3 isoform, occurs with cardiac hypertrophy and failure in some species and could contribute to the prolongation of the twitch (19, 20) . However, the presence of V1 in the RV and LV and the shift to V3 in response to developmental and pathological stimuli is characteristic of small animals and has not been documented to be ofphysiological significance in human, pig, or canine myocardium (21) (22) (23) (24) . Therefore, it is unlikely that the prolongation ofthe isometric contraction seen in the muscles from the myopathic dogs is due to a shift in myosin isoenzyme composition. Depression ofcontractility. In general, the contractile state of the heart can be modulated in two major ways: (a) by altering the availability ofactivator Ca2`and (b) by altering the Ca2' responsiveness ofthe myofilaments (25, 26) . LV and RV dP/dt recorded in vivo, and peak isometric tension generation recorded in vitro, were both depressed in the failing groups relative to their controls (Table I, Fig. 2 ). Of interest, this decrease in contractile performance was most apparent at higher [Ca2+]0, where contractility should have been enhanced (as it was in the muscles from the control dogs). When [Ca2+]J was increased to 2 4 mM, the myopathic muscles failed to show an increase in contractility relative to the controls and did not achieve control levels of force generation, even with maximal calcium activation at 16 mM (Fig. 2) . These results could be explained by a decreased availability of activator [Ca2+] owing to abnormal Ca2" handling by the sarcolemma (27, 28) or sarcoplasmic reticulum (15, 16) , as has been described in other models. However, quantitative determinations of peak and resting calcium indicated no significant differences between the control and myopathic preparations (Table III) . Therefore, a more likely explanation of the decreased contractility in the myopathic muscles is that myofilament Ca2' responsiveness was depressed. Myofilament Ca2`responsiveness can be considered in terms of two primary determinants: (a) Ca2+ sensitivity (i.e., the ED50 ofthe Ca2+-force relationship) and (b) maximal Ca2+activated tension (i.e., T,,, or maximal tension generated in response to Ca2" activation). Sensitivity corresponds to the classical pharmacological concept of "potency" and T,,. to "efficacy." In the present experiments, as shown by Fig. 3 , myofilament Ca2" sensitivity does'not appear to be changed, Fig. 2 shows that maximal Ca2+-activated tension is clearly depressed in the myopathic muscles versus the controls in terms of absolute tension generation. Given the absence of significant changes in the extracellular matrix (6), these results, taken together with an apparently normal [Ca2+]i availability, suggest that decreased myofilament responsiveness, specifically maximal Ca2+-activated, tensiongenerating capacity (T.), is primarily responsible for the depressed contractility in the myopathic muscles.
Intramyocyte factors that can directly affect the force-generating capacity of cardiac muscle include a decrease in myofibrillar ATPase activity, which has been reported in dogs with pacing-induced failure in the absence of changes in myosin ATPase and myosin isoenzyme composition (12) . In addition, the dog model of pacing-induced failure has been shown to have abnormal ATP stores available for hydrolysis, as evidenced by decreased whole-cell creatine phosphate/ATP ratios and elevated inorganic phosphate levels at postpacing baseline measured with 31P NMR spectroscopy (29) . These types of changes in metabolism may be associated with marked alterations in myofilament Ca2+ responsiveness, as shown by the acute cardiac dysfunction associated with myocardial acidosis (30) and ischemia (10, 31) . However, if alterations in pH or inorganic phosphate are present and contributing to the depressed maximal force development in the myopathic muscles, a shift in Ca2" sensitivity would be expected, and, as shown in Fig. 3 , this does not occur.
It is important to note that, besides changes in myofilament Ca2`responsiveness, it is possible for extracellular factors to contribute to a decrease in the Tn of multicellular preparations like the trabeculae carneae used in these experiments. Extracellular factors include contributions from changes in connective tissue content that could affect the ability of the myocyte to transmit its developed force (32) . A variety ofextracellular factors may be involved, including increased interstitial collagen, such as has been documented in the LVs of dogs with pacing-induced dilated cardiomyopathy of 5-6-wk duration (32) and in the failing rat (33) . However, our preliminary results suggest no increase in connective tissue content in this study, in which dogs were paced for 24 d (6) . The precise combination of factors accounting for a decreased Tm in our model remains to be more fully elucidated.
Although no elevation in resting [Ca2+]i was found in these myopathic muscles, it is worth noting that the prolongation of the relaxation of contraction could contribute to contractile dysfunction in vitro under the appropriate circumstances. As we previously reported in human myocardium (34) , prolonged calcium transients and twitches, under conditions similar to those of the present experiments, can translate into elevated end-diastolic [Ca2+]i and tension, with fusion of Ca4+ transients and twitches resulting in decreased ventricular compliance at faster stimulation rates. The contribution of diastolic dysfunction to the development of systolic dysfunction in the canine pacing model remains to be further delineated. Pharmacological profile. In addition to calcium, cAMP is another important second messenger that modulates excitation-contraction in the heart by a variety of cAMP-dependent protein kinases; abnormalities in cAMP production have been implicated in myopathic human myocardium (4, 35, 36) . We therefore examined the ability of the control and myopathic dog muscles to respond to the cAMP-dependent drug milrinone, a phosphodiesterase inhibitor. If similar amounts of intracellular cAMP are present, the response of both groups of muscles should be, at least qualitatively, similar. In the present series of experiments, there was a substantial, positive inotropic response to the phosphodiesterase inhibitor milrinone in all ofthe control muscles (Fig. 4) ; in contrast, milrinone produced only a slight, positive inotropic effect in the myopathic muscles. When cAMP production was directly stimulated before milrinone addition, via direct adenylate cyclase activation with forskolin, tension responses to milrinone in the myopathic muscles were enhanced. This pharmacological profile is similar to that reported in human heart failure, suggesting deficient intracellular levels of cAMP that may reflect an alteration in G-protein regulation of adenylate cyclase activity (4, 37, 38) . G-protein abnormalities have been documented to occur in human and animal models of heart failure (39) (40) (41) . In addition, a depressed level of cAMP available for the regulation of beat-to-beat contractions under normal physiological conditions could be contributing to the prolonged Ca:+ transients and isometric contractions, in that the rate of release and reuptake of Ca2" from the sarcoplasmic reticulum is modulated by cAMP-dependent protein kinases (1, 2, 4, 35) .
In summary, muscles isolated from dogs with pacing-induced cardiomyopathy demonstrate a prolongation ofthe Cal+ transient and corresponding isometric contraction; produce less tension in response to increasing [Ca21]0 than sham-operated controls, and exhibit a markedly depressed inotropic response to the phosphodiesterase inhibitor milrinone, which can be enhanced by direct adenylate cyclase stimulation. Since similar abnormalities appear to be characteristic of myopathic human myocardium, we propose that this model is a good one in which to further elucidate the subcellular mechanisms by which myocardial failure produces abnormalities in contractile function and Ca:+ regulation.
